I. INTRODUCTION
ABRASIVE wear is one of the main factors that eliminates thousands of tons of the casting parts of machines and devices annually in large market-related industries such as mining, aggregate, and cement. Designing and manufacturing of in situ locally reinforced castings (LRCs) creates opportunities for marked increases in their service lives. There are two different routes for achieving in situ local reinforcement (LR) in casting that have been explored in the literature. Both routes based on the use of the well-known self-propagating high-temperature synthesis (SHS) reaction, [1] [2] [3] which allows us to obtain carbides, borides, and nitrides directly from alloys. [4] The first way involves placing one reactant of a selected type of carbide in the form of a vanadium plate [5] or tungsten wire [6] into the mold cavity, while the second reactant is introduced as a component liquid alloy poured into the mold cavity. The molten alloy activates the reaction between the reactants introduced into the mold, and reinforcement particles such as vanadium carbide (VC) [5] and tungsten carbide (WC) [6, 7] are formed directly in the casting. Zhong et al. [8] reported a method of producing WC reinforcement on the surface of an iron matrix based on a W plate introduced into a mold cavity, which is then filled by a liquid alloy. The composite's surface is formed with solid-phase diffusion during the heat treatment of the ready casting part. The advantage of this method is a uniform and dimensionally stable layer reinforced by an 80 pct volume fraction of WC particles. Some limitations of this method are the long heat-treatment time and relatively small layer thickness (which is 148 lm after 8 hours of annealing at a temperature of 1423 K). The essence of the second method is the placement of green compacts containing mixtures of TiC or TiC and TiB 2 reactants undergoing the SHS reaction [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] in a mold cavity. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Similar to the previous method, the liquid alloy poured into the mold cavity activates the SHS reactions, but due to the self-sustaining reaction occurring in the whole compact, it is possible to fabricate an LR in a wide range of dimensions. This means that this method is particularly attractive for the local reinforcement of castings. In this case, it is not necessary to perform additional heat treatments of the casting.
According to the results reported in several studies, it is possible to fabricate LR in situ in a casting using green compacts containing VC, TiC, or TiC and TiB 2 reactants as well as additions such as Cu, Al, Ni, and Fe. Unfortunately, most of the published papers [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] do neither contain the visualization nor discussion about the macrostructure of the LRC, which is key for assessing the dimensional stability and potential defects of the LRC. The LRC microstructure has a predominant influence on the mechanical and service properties of the cast parts and should not be ignored.
Based on the available knowledge, we can certainly fabricate an LRC in situ in the castings with the above-mentioned method. Meanwhile, a comprehensive macrostructure study of the LRC carried out as part of this study sheds new light on this subject.
The fundamental problem identified in this study is related to the inability of controlling the SHS TiC reaction during the in situ fabrication of the LRC in the steel casting. The reaction of TiC synthesis is highly exothermic, [25] with the enthalpy of À 187 kJ/mol. Intensive energy production in a form of generated heat results in the local increase of temperature of liquid metal, significantly intensifying the phenomenon of infiltration [26] [27] [28] [29] within local composite reinforcement. Thus, TiCs are being separated by liquid metal casting alloy; due to lower density, they move within casting. This phenomenon is called composite zone fragmentation. [30] To show and solve the above-mentioned fragmentation problem, studies were undertaken to examine the macrostructure, microstructure, and hardness of the TiC-reinforced LRCs fabricated in situ in the steel casting without and with the addition of Fe. The fragmentation of the LRC phenomena in casting without and with a small content of the Fe addition is presented and discussed in this paper. The optimal content of the Fe addition was found for which a dimensionally stable LRC was obtained in the steel castings. The current study revealed that, due to the limited infiltration process and relatively high surface content of TiC, the LRC produced with 30 wt pct Fe exhibited the greatest hardness.
II. EXPERIMENTAL
Reactants for the in situ formation of TiC were prepared using Ti powders of an average diameter of 44 lm and purity of 99.8 pct as well as graphite of an average diameter of 44 lm and purity of 99.9 pct while maintaining a mutual atomic fraction of Ti to C equal to 1:1. The moderator was prepared from Fe powder of an average diameter of 44 lm and purity of 99.8 pct. Five powder mixtures ware selected for the compact preparation; one of them containing only TiC reactants, while the other four contained TiC reactants and 10, 30, 50, and 70 wt pct Fe moderator additions, respectively. The weight fraction of the TiC reactants and moderator used for the preparation of the compacts is included in Table I . In order to additionally examine the effect of the Fe moderator on the microhardness, microstructure, and hardness, one graded compact with five layers was prepared. Each of the powder layers of the graded compact had the same chemical composition as the compacts with symbols A to E (see Table I ). The individual layers were arranged parallel to the longer side of the compact. Table II demonstrates the results of relative density determined for compositions A to E which are presented in Table I . Compactibility of powder is defined as susceptibility to compacting under pressure. As the measure of this value, we have taken the quotient of the density of compact to the applied pressure of cold work, which assures obtaining 65pct of theoretical density.
Each of the individual powder compositions (A to E-indicated in Table I ) were mixed for 6 hours in closed containers in shaker mixers (Turbula, Glen Mills, USA). Next, using a uniaxial press, the mixtures were Table I ) was obtained by charging individual mixtures of the powders to the die. After introducing all five layers into the matrix chamber, the powders were pressed under a pressure of 500 MPa. The obtained compacts, whose dimensions were 10 9 50 9 Y mm (where Y = the dimension as a result of the compactibility of the individual mixtures), were glued to the bottom of the mold cavity using ceramic glue (as shown in Figure 1 ). Table III shows the results of measurements taken in order to define width of compacts placed in the mold cavity specified above as the dimension Y. The obtained discrepancies of parameter Y stem from different compactibility of powder mixtures.
The mold was prepared using molochite powder and water glass and then hardened by CO 2 blowing. A melted alloy, whose chemical composition is given in Table IV , was poured into the mold containing the compacts. The pouring temperature was 1770 K.
The LRC obtained in situ in the steel castings was investigated by analyzing their macro-and microstructures as well as their hardness. The macrostructure of the LRC was observed by polishing sections of the casting. The dashed line in Figure 2 indicates the places from which the samples were cut. The microstructure of each of the individual A, B, C, D, E and graded F LRs was examined by means of electron scanning microscopy (SEM) with a backscattered electron (BSE) detector (Versa 3D, FEI). The microstructure and chemical composition of composite zone A were Surface fraction of reinforcement phase in ''Image J'' program is specified on the basis of differences in contrast between phases which can be found in the microstructure and which are automatically determined by the software. For this purpose, ten images of randomly selected areas of the microstructure for each LRC were analyzed. The diameter of the TiC particle was not determined for Composite Zone A (produced without the addition of a moderator) due to the high degree of coalescence. The phase composition of the LRC was verified by means of X-ray diffraction (Kristalloflex 4h, Siemens) by applying a radiation wavelength of Cu (Ka = 0.154 nm). The hardness values of the LRC and the base alloy were measured using the Vickers method, applying a load of 298 N (HV30) for 10 seconds (Tukon 2500, Wilson-Hardness).
III. RESULTS AND DISCUSSION
A. Macrostructure of LRC Table V shows the results of the measurements of width for the in situ fabricated local composite reinforcements presented in Figure 2 . This juxtaposition is meant to compare the initial compacts' size demonstrated in Table III with the size of local composite reinforcements. The obtained differences expressed in millimeters can be a basis to specify the infiltration degree which is defined as an increase in the percentage of composite reinforcements' width (Y LRC ) compared with the size of the initial components (Y C ). The analysis of the obtained results indicates that the difference between the compacts placed in the mold cavity and the in situ fabricated composite reinforcement decreases with the percentage of moderator consisting of pure iron powder. Figure 2 shows the macrostructures of the individual and graded LRs produced in situ in the steel casting. In the case of LRC A (produced without the Fe moderator addition), fragmentation, changes in the dimensions, and a significant fraction of macroporosity were revealed. These effects were caused by the temperature increase during the in situ TiC reaction, which favors the reactive infiltration process and gas emission. [31] With the increasing amount of the Fe moderator, the tendency for the stabilization of the dimensions and a decrease in macroporosity content were visible within the LRC. The best dimensional stability and lowest content of gas holes were obtained in the case of LR E (fabricated with 70 wt pct of the Fe moderator).
The graded LRC F formed in the casting (see Figure 2 ) had a diversified macrostructure, which was the result of the phenomena occurring in the individual layers of the compact introduced into the mold cavity. By analyzing its changes in the direction of decreasing amounts of the Fe addition, an increase in the degree of infiltration could be noticed. It manifested itself as fragmentation, blurred edges, and macroporosity within the area layer without the moderator.
A comparison of the lower and upper parts of the LRC fabricated in the casting (see Figure 2 ) indicated an increase in the infiltration degree within the riser head with a larger wall thickness, manifesting itself in the form of blurred edges (especially the upper parts of the zones). This caused a decrease in the TiC fraction within the zone in a similar fashion as in the case of Composite Zones A and B manufactured without and with a small Fe addition. The melt infiltrating the zones during the TiC exothermic synthesis reaction caused an increase in these zones' dimensions. An increase in the degree of infiltration in the upper parts of the LRC was caused by the fact that the riser head is last to solidify; as a consequence, the infiltration time and temperature were the highest in this area. Figure 3 shows the LR microstructures of the TiC-Fe/ Fe alloy (TiC-phase reinforcing, Fe-moderator, Fe alloy-base alloy, cast steel) type produced in situ in steel castings without (Figure 3(a) ) and with the Fe moderator addition (Figures 3(b) through (e) ). Composite Zone A (Figure 3(a) ) was characterized by strongly coagulated TiC particles that formed the carbide skeleton. This skeleton was formed due to the coalescent effects of the TiC particles. LRC A contained large areas of coagulated TiC particles and large matrix areas in-between them. Composite Zone B (Figure 3(b) ), obtained with the addition of 10 wt.pct of Fe, was characterized by a lower degree of coagulation of the TiC particles and their smaller average diameter (4 lm) at the point of the distribution maximum (Figure 4(a) ). In LR B, the microstructures of the individual TiC particles as well as the ones that underwent coalescence are seen. Between these TiC particles, the connections in the form of necks [32] were visible. Composite Zone C (Figure 3(c) ), fabricated with 30 wt.pct of the Fe moderator addition had large numbers of homogeneous transgranular TiC particles (contrary to LRs A and B). They had the bimodal size distribution of diameters 1.2 and 2.5 lm, respectively, in the first and second maximum of the distribution shown in Figure 4(b) . The composite of Zone D (Figure 3(d) ), obtained with 50 wt pct of the Fe moderator, had a microstructure similar to Zone C; however, the diameters of the particles were smaller (equaling 0.75 and 1.8 lm, respectively) for the first and second maximum of the bimodal distribution (Figure 4(c) ). In the case of LR E (Figure 3(e) ) produced with a 70 wt pct Fe addition, a further size decrease of the particles was observed. Their diameters for the first and second maximum of the bimodal distribution were equal to 0.7 and 1.6 lm, respectively (Figure 4(d) ). Numerous gas microporosities were seen within composite Zone E (see inset in Figure 3(e) ). The addition of the Fe moderator to the reactants of the TiC caused the increased porosity of the green compacts containing high contents of Fe powder. [24] The observations of microstructure carried out by means of the scanning electron microscopy (SEM) showed new structural components, which cannot be found in the microstructure of the applied base alloy. Therefore, additional investigations were conducted by means of transmission electron microscopy (TEM) aimed the detailed identification of the phases observed. The investigations were carried out for the in situ fabricated composite reinforcement A. In the area selected for investigation of composite reinforcement matrix shown in Figure 5 (a), three phases of ferrite (Fea), TiC, and Fe 2 Ti type were identified. The obtained results are compatible with ternary phase diagram Fe-C-Ti published in the literature. [33] The chemical composition of the identified phases was initially confirmed by maps of elements distribution presented in Figure 5 (b). The area of microstructure STEM-HAADF selected for investigations was marked in Figure 5 (a) with a gray square. The findings show mapping of element distribution in the transition area-between TiC ceramic phase and matrix of composite reinforcement, i.e., eutectic Fe 2 Ti+Fea.
B. Microstructure of LR
In order to identify the chemical composition in the selected area of microstructure shown in Figure 5 , three measuring points were marked for each of the identified phases obtained during TiC synthesis. The results are presented in the form of patterns and tabulated in Figure 6 . In the area marked as point 1, mainly Ti and C were identified, which proves the presence of ceramic reinforcement phase in the form of TiC. Point 2 contains a considerable amount of Fe, which is a dominant element of ferrite-a main structural component for the metal matrix applied i.d. base alloy. Point 3 was located in the area of eutectic which is a mixture of iron and titanium. The presented microstructure description makes it possible to discuss the phenomena that occur in the individual LRCs produced in situ in the casting while using variable amounts of the Fe moderator. First of all, a change in the morphology of the TiC carbide was seen in the microstructures of Zones A, B, C, D, and E. Composite Zone A containing the highest concentration of TiC reactants is characterized by the compact structure of its coagulates. The energy dissipated during the exothermic reaction of the TiC synthesis increased its melting temperature, limiting the possibility of forming a large number of nuclei. In reality, only a small number of nuclei are formed due to the small degree of the supercooling of TiC. The TiC particles growing in the liquid alloy were subjected to contact, neck growth, [34] and coalescence, since an increased temperature favors the Brownian movements of particles, [35] increasing their probability of collisions (during which the TiC particles can attract each other). [36] The transfer of reactants to the solid-liquid interface of these particles is intensified by the melt's high temperature since the atom mobility is increased. The coarse solid-liquid interface facilitates atom attachments since there are a statistically large number of preferential placement regions for their stable connection. As a consequence (taking into account the influence of the thermodynamic and kinetic factors discussed above), the number of nuclei is relatively small; however, the TiC particles can grow quickly. The connection of two different-sized TiC particles results in the growth of the larger one at the expense of the smaller one. [30] In the discussed case, the increased liquid alloy temperature had a dominating influence on the coalescence phenomenon due to the highly exothermic TiC synthesis reaction. Together with the decrease in the fraction of TiC synthesis reactants (LRC B), a smaller thermal energy was dissipated, which relatively limited the coalescence; however, under such conditions, the possibility of forming a larger number of TiC nuclei is still limited. A further decrease in the reactants' fraction lead to such a decrease in the thermal energy accompanying the in situ TiC synthesis reaction that it was possible to significantly increase the number of TiC nuclei. The addition of the Fe moderator decreases the temperature in the TiC reaction area. [20] This lead to the formation of large numbers of TiC particles with relatively small dimensions. This is confirmed by the microstructures of LRCs C, D, and E produced with the 30, 50, and 70 wt pct additions of the Fe moderator, respectively (see Figures 3(c) through (e)). The particle growth processes in these zones is gradually limited by the lowering temperature caused by increasing moderator amounts. The nucleation rate of TiC increases significantly with an increase in supercooling yet decreases again at low temperatures due to the decreasing atomic mobility described by the diffusion coefficient. [37, 38] Together with the decreasing amounts of the TiC reactants in individual LRCs A, B, C, D, and E, the TiC volume fractions should decrease, respectively. However, due to the reactive infiltration process, Zones A and B increase their dimensions (Table V) and, as a consequence, the carbides formed in the reaction are distributed in a larger volume. Finally, the efficient TiC Figure 5) . Together with an increase in the Fe addition, the tendency of stabilizing the composite zone dimensions is seen (see Figure 2) . Therefore, the surface fractions of TiC in Composite Zones C and D containing only 70 and 50 wt pct TiC reactants, respectively, are higher than those in LRCs A and B fabricated using 100 and 90 wt pct, respectively. This was confirmed by the results presented as surface fractions of TiC in the individual composite zones, as shown in Figure 8 .
The microstructure of Composite Zone F presented in Figure 9 was significantly altered with changes to the amount of the introduced Fe moderator. The obtained zone was characterized by a smooth change from a small number of large and coagulated TiC particles to a large number of small and uniformly distributed particles. The gas porosity fraction is visible, growing with the amount of the introduced Fe moderator (see inset in Figure 9 (e)). The macro-and microstructure of the graded LRC confirmed the general mechanisms discussed in the case of individual Zones A, B, C, D, and E.
C. Phase Analysis of LRC
The results of the phase analysis of LRCs A, B, C, D, and E produced in situ in steel casting are shown in Figure 10 . All composite zones contain TiC of the face center cubic (fcc) regular structure and Fe of the body center cubic (bcc) regular structure. The presence of Fe within Zone A (produced without the Fe moderator addition) is the effect of the reactive infiltration process realized after pouring the melt into the mold as well as the initiation of the TiC synthesis. Along with an increase in the moderator contents, the infiltration process is limited. This leads to a gradual decrease in the Fe fraction in each of the individual zones as an effect of infiltration. Simultaneously, along with increases in the moderator content, the Fe fraction grows in Zones B, C, D, and E, respectively. This is well illustrated by the change in the intensity of reflexes from the (110) Fe planes. The intensity of reflexes originating from the TiC crystal lattice gradually decreases for Zones B, D, and E along with the decreasing contents of the TiC substrates in the initial powder composition. This is illustrated by the reflexes from the TiC planes, for example (200). In the case of Zone C, a relative intensity increase as compared to the B, D, and E zones can be seen. This is the effect of the highest area fraction (see Figure 4) and the large number of small TiC particles (see Figure 3(c) ), which results in the highest number of planes scattering the X-ray radiation.
D. Hardness of LRC
Composite Zone A (produced without the Fe moderator) has the relatively highest hardness-an average of 500 HV30 (Figure 11 ). The hardness confidence interval for a deviation of 2r is wide, which confirms the microstructure heterogeneity being the result of the occurrence of relatively large areas of coagulates of the TiC particles and matrix lakes (see Figure 3(a) ). This zone hardness is determined by the large coagulation degree of the carbides, forming a strong skeleton and soft matrix area. Composite Zone B (obtained with a 10 wt pct Fe addition) has a hardness of 350 HV30 (lower than that of Zone A). The high degree of infiltration decreasing the efficient TiC fraction (see Figure 5 ) in the microarea continues to have a significant influence on the hardness of Zone B. On account of the solidification process and smaller fraction of the TiC reaction substrates, the particles in Zone B are less coagulated (see Figure 3(b) ) and form a weaker skeleton than those in Zone A (which causes a relative hardness decrease). The tendency of decreasing hardness observed in Zone B is reversed in the case of Zones C and D (produced with additions of 30 and 50 wt pct of the moderator, respectively), in which the average hardness equals 400 and 380 HV30, respectively. The hardness values of Zones C and D are formed by the low infiltration degree realized by the base alloy (see Figure 2 ) and the TiC particles of high dispersion uniformly distributed throughout the matrix (see Figures 3(c) through (e) ). By the high surface fraction (see Figure 5 ) and refinement of the TiC particles, the contact between them is facilitated by the many touching grains, ensuring skeleton stiffness. A high TiC surface fraction influencing the connectivity and related with its coordination number of TiC particles [39] and maximum hardness is observed for LRC C (see Figure 8 ). In the case of Composite Zone E, a decrease in hardness is seen. This results from the smallest surface fraction, lower coordination number, and (as a consequence) more-weakly joined TiC particles (see Figure 3(e) ). Also, the large fractions of the Fe moderator and porosity have a negative impact on the hardness of Zone E. Figure 12 presents the hardness distribution within graded composite reinforcement F. This distribution confirms the general trend of hardness changes depending on the amount of the moderator observed in individual LRCs A, B, C, D, and E (see Figure 8) . The hardness of the graded composite zone results from the microstructure features of its individual layers. Additionally, the hardness is decreased in the area layer fabricated with a 70 wt pct moderator by the microporosity (see inset in Figure 6 (e)).
IV. SUMMARY
The mechanism of the in situ formation of LRC in steel castings was investigated in this paper. It was tested by introducing compacts into a mold cavity containing either reactants of the TiC, and these reactants together with additions of 10, 30, 50, and 70 wt pct of the Fe moderator. It was found that, when the compacts contained only the reactants of the TiC formation, an LRC with macroscopic discontinuities, dimensional changes, and partial fragmentation was obtained. Introducing a moderator in the form of Fe powder into the TiC reactants influences the dimensional stability of the LRC and eliminates the macro-discontinuities within them. This results from limiting the amount of the TiC-forming reactants and substituting them partially by adding the moderator. As a consequence, this leads to decreased energy in the reaction area, which permits us to control the reactive infiltration, gas solving, and emission processes. Adding the moderator makes it possible to control the amount of energy and the solidification process, including the nucleation and TiC particle growth. For the determined amount of moderator, it is possible to obtain composite zones with TiC particles of submicronic sizes. The hardness of the LRC obtained in situ in the steel castings is influenced by the infiltration degree and (as a consequence) the surface fraction of the TiC particles. Along with an increase in the surface fraction of the TiC particles within the zone, hardness also increases. This is influenced by the number of connections between the particles and their surface fraction. When LRCs are synthesized in situ in castings, then their hardness is not the highest when the contents of the TiC reactants in the initial powder composition are the largest (as to be expected). The intensive reactive infiltration process causes a decrease in the particle surface fraction in the LRC microarea by increasing its dimensions. The highest zone hardness is obtained when the infiltration is limited. In the discussed case, the infiltration was limited by the moderator addition, which simultaneously provided a refinement of the TiC particles. Finally, the chemical composition of the initial powders was determined, the use of which guarantees that we obtain a dimensionally stable LRC with relatively uniformly distributed TiC particles of submicronic sizes in the steel casting under the described experimental conditions.
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